The accurate typing of human leukocyte antigen (HLA) alleles is critical for a variety of medical applications, such as genomic studies of multifactorial diseases, including immune system and inflammation-related disorders, and donor selection in organ transplantation and regenerative medicine. Here, we developed a new algorithm for determining HLA alleles using next-generation sequencing (NGS) results. The method consists of constructing an extensive dictionary of HLA alleles, precise mapping of the NGS reads, and calculating a score based on weighted read counts to select the most suitable pair of alleles. The developed algorithm compares the score of all allele pairs, taking into account variation not only in the domain for antigen presentation (G-DOMAIN), but also outside this domain. Using this method, HLA alleles could be determined with 6-digit precision. We showed that our method was more accurate than other NGS-based methods and revealed limitations of the conventional HLA typing technologies. Furthermore, we determined the complete genomic sequence of an HLA-A-like-pseudogene when we assembled NGS reads that had caused arguable typing, and found its identity with HLA-Y*02:01. The accuracy of the HLA-A allele typing was improved after the HLA-Y*02:01 sequence was included in the HLA allele dictionary.
INTRODUCTION
The human leukocyte antigen (HLA) genes, located in the MHC complex on chromosome 6p21, play critical roles in antigen recognition, immune responses against infection or tumor cells, and the activation or regulation of NK and T cells (Shiina et al., 2009; The MHC sequencing consortium, 1999) . The classical HLA class I (HLA-A, HLA-B, and HLA-C) and class II (HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB1, and HLA-DRB1) genes have key functions in determining the antigenic specificity of immune responses. The HLA genes are highly polymorphic, and more than 10,000 HLA alleles have been identified to date. They are strongly associated with a variety of diseases, in particular, autoimmune disorders, immune deficiencies, inflammatory diseases, and infectious diseases. Therefore, the accurate genotyping of HLA alleles is crucial for genomic studies of such diseases and the development of therapeutic strategies. In addition, the accurate Several NGS-based HLA typing algorithms have been developed recently (Bai, Ni, Cooper, Wei, & Fury, 2014; Huang et al., 2015; Kim & Pourmand, 2013; Szolek et al., 2014) . Whichever method is used, HLA allele determination should meet the following criteria. First and foremost, the accurate calling of HLA alleles is extremely important, particularly when it is used for histocompatibility testing in organ transplantation. Second, a comprehensive reference panel of HLA alleles is required, since its content affects the accuracy of the allele calling in the typing results. However, the existing NGS-based methods do not completely meet these criteria. The most critical problem is that for a large number of the HLA alleles, only a partial nucleotide sequence consisting of one or two exons encoding the functionally critical G-DOMAIN has been registered in public databases such as IPD-IMGT/HLA (Robinson et al., 2015) . It is impossible to identify a specific HLA allele without considering sequences outside the G-DOMAIN, because multiple alleles can share the same G-DOMAIN sequence. In addition, 73% of the alleles in the IPD-IMGT/HLA database is marked as having "ambiguous allele combinations," which are ambiguous allele pair conjugates including G-DOMAIN exons and cannot be distinguished by PCR-based methods (Adams et al., 2004; Robinson et al., 2015) . For example, diplotype of G-DOMAIN generated by combi- To overcome these problems, we developed a new HLA typing algorithm, called HLA-HD (HLA typing from high-quality dictionary), which can accurately determine HLA alleles with 6-digit precision from NGS data. We evaluated this new algorithm by calling the HLA alleles of high-and low-coverage NGS datasets from the 1000 Genomes Project (1000 Genomes Project Consortium et al., 2012 , and compared the results with those obtained by conventional typing methods and other algorithms for NGS data.
MATERIALS AND METHODS

Nomenclature of HLA alleles
Nomenclature of the WHO Nomenclature Committee for Factors of the HLA System (Marsh et al., 2001 ) via the IMGT/HLA database (Robinson et al., 2015) is used for HLA alleles in this study.
Creation of the HLA dictionary
The "HLA dictionary" was created by incorporating 10,684 alleles for 33 HLA genes in the IPD-IMGT/HLA database (http://www. ebi.ac.uk/ipd/imgt/hla/) release 3.15.0 (Robinson et al., 2015) and used as a reference throughout the study. All of the HLA allele sequences in the dictionary were decomposed into units of exons and introns, and 150 "N" nucleotides were added to both ends of the sequence. The length is designed as longer than half of the maximum length (∼300 bases) of NGS short reads, by which biased alignment to abundant exons compared with introns in the dictionary is prevented. The HLA sequence information in the HLA dictionary is available upon request.
Algorithm for HLA allele typing
The proposed algorithm for HLA allele typing from NGS reads is summarized in Figure 1 . First, the reads are mapped to all of the exon and intron sequences in the HLA dictionary using Bowtie 2 version 2.2.5 (Langmead & Salzberg, 2012) with the options: "-n-ceil L,0,0.5 -score-min L,-1.0,0 -a" (Fig. 1A) . This mapping is performed separately for each forward and reverse end read. After mapping, the reads that meet either of the following two conditions are chosen for the subsequent analyses: (1) no mismatches in exons, (2) up to two mismatches in introns, thereby allowing for the increased level of variability in intron sequences in the IPD-IMGT/HLA database. Each sequence read is assigned to candidate exons or introns in the dictionary when more than 50% of the total length of the read matched to exons (complete match) or introns (up to 2-base mismatch). Because sequences aligned on "N" nucleotide stretches at either end of exons or introns do not contribute to the alignment score of Bowtie 2, in the case where an exon is the best match, adjacent information on the intron sequence is neither necessary nor has any influence on the exon match (Fig. 1B I) . By contrast, when an intron is the best match, the adjacent exonic sequence of the read is retained for further analysis (Fig. 1B II) .
To calculate the score of an allele pair, the reads are weighted according to the number of alleles that are mapped with the above conditions (Fig. 1C) , as follows.
Let m X (r) be the number of alleles of exon or intron X to which the read r is mapped and N X be a number of alleles having X in the dictionary. For a single-end read, w G r that is the weight of read r and gene G is calculated by
where K g is the set of all exons and introns in gene g and Λ is the set of all HLA genes. Paired-end reads consisting of a forward read r f and reverse read r r are denoted as r f,r = (r f , r r ) , and their weight is given
be the set of reads that are mapped to allele A on exon X of gene G. Note that the reads that map to introns overlapping exon X are also included in R X A ( Fig. 1B II) , and the forward-and reverse-end reads are independently treated in R X A . The score for allele A on the target exon is then defined as
where r is the overlap length between r and exon X, and T is the set of exons. ) be a set of reads (pair of paired-end reads) that are mapped onto allele A but not onto B. For these sets, the score for the allele pair S A,B is defined as follows:
) .
The pair of alleles (Â,B) that yields the maximum score is selected (Fig. 1D) as
It is reasonable to consider that the HLA gene has a homologous allele when a score ratio of A to B is exceptionally high or low. Therefore, two criteria for the decision of homologous allele was set as follows:
If 1 ≥ 20.0 or 2 ≥ 4.0, the pair is repredicted to be homologous for alleleÂ. Absolute scores of mapped reads in alleleÂ andB are compared by 1 . In addition, 2 is used to compare scores by only reads uniquely mapped on each allele with adjusting the inverse ratio of scores in two alleles.
If the allele pair cannot be selected uniquely, exons outside the G-DOMAIN that are registered in the dictionary for the remaining candidates are added to T, and the allele pair is repredicted (Fig. 1E ). The addition is continued until an allele pair is uniquely selected. If a pair is not uniquely determined even after all the shared exons are included, the allele pair (A, B) with the highest P(A)P(B) is selected. In this case, 
NGS data used for the evaluation of HLA-HD
The NGS data of 61 DNA samples from 61 individuals in the 1000
Genomes Project (1000 Genomes Project Consortium et al., 2012 were used to evaluate HLA-HD. Ten of these samples represented high-coverage whole-exome sequencing (WES) data of 2 × 100 bases of paired-end reads, with a mean coverage depth of 833.3. These samples were from two African-Caribbean, two Iberian, two Peruvian, one African, and three Vietnamese individuals. The HLA alleles of these 10 samples were determined by a conventional method using PCR amplification followed by Sanger sequencing of exons 2-4 for HLA-A, -B, and -C, exon 2 for HLA-DRB1, and exons 2 and 3 for HLA-DQB1 (Liu et al., 2013) . This high-coverage dataset consisted of 110 HLA alleles, 24 of which were only available with 2-digit, and not 4-digit, preci- Table S1 .
Evaluation of HLA alleles that showed a discrepancy between PCR-SSOP and HLA-HD
For samples whose typing results with PCR-SSOP and HLA-HD showed a discrepancy, we chose the best allele pair from the predicted alleles as follows.
Let R e M,N be the number of reads mapped to allele M but not to allele N for exon e. S1B ). The first seed sequence was generated from the reads that mapped to HLA-A exon 4 (Supp. Fig. S1C ). Subsequently, the seed sequence was extended with the remaining reads in both directions.
The whole-genome sequencing (WGS) reads of SRR359110, which was homozygous for HLA-A*33:03, were also used for the extension (Supp. 
Cloning and sequencing of an HLA-A-like pseudogene (HLA-Y*02:01)
DNA samples of two Japanese individuals who were homozygous for A*33:03 or A*31:01 by HLA typing with Luminex R were used. After amplification of the 2,578-bp fragment using the HLA-A_F7 and HLA-A_R8 primers (Hosomichi, Jinam, Mitsunaga, Nakaoka, & Inoue, 2013;  Supp. Table S2 ), the PCR products were cloned into the pCR R 2.1-TOPO R vector and subjected to Sanger sequencing using six oligonucleotide primers (for details, see Supp. Methods). The 61 WES samples from the 1000 Genomes Project were then examined for the presence of the HLA-A-like pseudogene. The number of WES reads that were uniquely mapped to the HLA-A-like pseudogene with 100% identity was counted.
RESULTS
Determination of the HLA class I and class II alleles using publicly available NGS datasets
The HLA-HD algorithm developed in the current study was applied to publicly available NGS datasets. Ten WES samples of the 1000
Genomes Project were used as the high-coverage dataset (1000 TA B L E 1 Comparison of the HLA allele prediction performance between HLA-HD and four NGS-based typing methods using 10 high-coverage and 51 low-coverage datasets 
HLA-HD
Notes:
The accuracy of HLA-HD and other NGS-based methods was evaluated by the true-positive rate of the alleles determined by the PCR-SBT or PCR-SSOP method with 2-digit or 4-digit precision. The results of HLAforest and PHLAT were only available for samples with high-coverage data. The OptiType results were for class I genes only. HLAreporter rejected 40.0% of the low-coverage samples from the analysis due to its stringent quality threshold. a 24 alleles of high-coverage dataset were only available with 2-digit precision. b Prediction performance of 4-digit resolution with the reevaluated alleles in Supp. Table S1 ; see text for details.
Genomes Project Consortium et al., 2012) . For these samples, Sanger sequencing-based genotyping was performed to determine 20 each (100 in total) of the HLA-A, -B, -C, -DRB1, and DQB1 alleles. Of these, 79 alleles were successfully typed at either 4-digit (71 alleles) or 6-digit (eight alleles) resolution, whereas the other 21 alleles were only determined at 2-digit resolution (Supp . Table S1 ). An ambiguity of HLA- The prediction with HLA-HD using the high-coverage dataset was 100% accurate for the 110 HLA alleles with 2-digit resolution. In addition, a complete match was obtained for 71 HLA alleles for which 4-digit resolution reference data were available, and for eight alleles with 6-digit resolution (Table 1) . The proposed HLA alleles with 4-digit resolution are shown in Supp. Table S1 .
We next investigated the performance of HLA-HD using the low-coverage dataset. As expected, the prediction accuracies were decreased compared with those of the high-coverage sequencing reads. The overall matching rate at 4-digit resolution was 91.0% (546 of 600) ( Fifty-four alleles showed discrepancies between the reference and our results. There are two possible reasons for the lower matching rates in the low-coverage data. First, an insufficient coverage of sequencing reads hinders accurate allele determination (Supp. Fig. S2 ). Second, the conventional PCR-SSOP-based method results in some errors in the 4-digit resolution alleles. In addition, the Note: a Sequence is identical on the G-DOMAIN.
TA B L E 2 Inconsistent results between the PCR-SSOP method and HLA-HD
PCR-SSOP-based method only uses variations of the G-DOMAIN,
which corresponds to exons 2 and 3 for class I genes and exon 2 for class II genes, for allele determination. In fact, 41 of the 51 HLA-DQA1 alleles (80.4%) and 120 of the 509 HLA-DQB1 alleles (23.6%) had an identical exon 2 sequence (Supp . Table S3 ). In our typing study, inconsistencies among the 54 alleles were mostly observed in HLA-DQA1 (24 alleles), followed by -DQB1 (11 alleles), -C (eight alleles), -A (six alleles),
-B (three alleles), and -DRB1 (two alleles).
Comparison of HLA-HD with other NGS-based typing methods by reevaluated alleles
We reevaluated the 54 alleles that showed discrepancies between the reference and our results by including exons other than those corresponding to the G-DOMAINs if necessary. As shown in Table 2 and Supp. Figure S2 , our prediction from the comparison of WES reads mapped onto the alleles was considered more likely than the reference for 39 of the alleles. Five DQA1 alleles were still inconclusive between *03:01 in the reference and *03:03 in our results. The other 10 incorrect allele determinations were due to the poor coverage. A drawback of PCR-SSOP method is that there is no flexibility to assign unexpected rare or new alleles. From the Sanger sequencing-based method, 24 of 110 alleles (21.8%) were only available with 2-digit, and not 4-digit precision (Supp . Table S1 ). On the other hand, our method could precisely determine the alleles by checking the sequence of the mapped reads throughout the entire region of the gene.
Taking the reevaluated alleles into account, we further compared the accuracy of our algorithm with four others, namely, HLAreporter (Huang et al., 2015) , OptiType (Szolek et al., 2014) , HLAforest (Kim & Pourmand, 2013) , and PHLAT (Bai et al., 2014 Fig. S3 ).
The accuracy of HLAforest and PHLAT was lower than that of the other methods, especially with 4-digit resolution (75.0% and 95.0%, respectively).
In comparing the typing results using the low-coverage dataset, no typing information was available for all six genes by HLAforest or PHLAT or for the three class II genes by OptiType. HLAreporter withheld the judgment of 212 of the 306 (69.3%) class I alleles, and of 28 of the 294 (9.5%) class II alleles because of its stringent data quality criteria. For the 4-digit precision HLA class I typing results, the overall accuracy was the same for HLA-HD and OptiType (96.7%); a better score was obtained with OptiType for HLA-A alleles (99.0% vs. 94.1%), and with HLA-HD for HLA-C alleles (98.0% vs. 93.1%), whereas the same scores were obtained for HLA-B alleles (98.0% for both) ( Table 1) . Two of the functions implemented in OptiType, namely, the exclusion of rare alleles and imputation of intron sequences, appeared to be beneficial for the analysis of low-coverage data. After reevaluation, the accuracy of HLAreporter decreased, especially for class II alleles, from 97.4%
(259 of 266) to 89.5% (238 of 266), whereas the accuracy of HLA-HD increased from 87.4% (257 of 294) to 100%.
Identification of an HLA-A-like pseudogene (HLA-Y*02:01)
In the course of HLA-A allele calling for the 51 low-coverage samples, we identified two A*31:01:13 (2.0%) and four A*33:03:23 (3.9%) alleles in the 102 alleles (Supp. Table S1 ). We wondered why they appeared frequently in this sample set, since these two alleles were considered to be extremely rare, and the Allele Frequency Net Database, which comprehensively covers HLA alleles, does not include them (González-Galarza et al., 2015) . (Supp. Fig. S4 ). De novo assembly was performed with the WGS reads of NA18976 (SRR359110), which is homozygous for the A*33:03 allele (Major,Rigó, Hague, Bérces, & Juhos, 2013) and with the WES reads of the above six samples. As a result, a sequence of 2,679 nucleotides with an HLA-A gene structure was constructed. This sequence was considered to be a pseudogene, because it lacked exon 3 due to an 838-base deletion starting in intron 2 and ending in intron 3 ( Fig. 2 ; Supp. 
DISCUSSION
We have developed a new algorithm, HLA-HD, which can accurately determine HLA alleles from NGS data with 6-digit precision. In the HLA-HD method, the number of reads that map onto sequences in "the HLA dictionary" is used to weight scores. The weighted score is first calculated for exons corresponding to the G-DOMAIN. Then, the algorithm is successively extended to the other exons until a specific pair of alleles that gives the highest score is found.
Several ideas have been implemented in previously published methods to enhance the accuracy of allelic determination. HLA typing methods can be classified broadly into two categories by whether the applicable alleles are restricted or not (Supp . Table S5 ). HLA-HD, HLAforest, and PHLAT are assigned to the unrestricted group by using information of all exons for HLA typing. On the other hand, HLAreporter, OptiType, PCR-SBT, and PCR-SSOP are assigned to restricted group because of the limitation of used exons, primers, or probes.
The restriction improves true positive rate of major alleles by simplifying the decision scheme in exchange for the availability of correct typing of minor alleles. For example, OptiType eliminates rare alleles and imputes unknown intron sequences based on phylogenetic information of the other alleles (Szolek et al., 2014) . However, these heuristics do not ensure correct allele calling, due to incompleteness of the reference used and to the insufficient verification of intronic sequences in the current public databases. In addition to the above problem, HLAreporter does not give alleles unless the coverage of the reads is sufficient (Huang et al., 2015) . Although this conservative parameter setting helps to improve accuracy, it is not suitable for data from fragmented or a limited amount of DNA, such as that extracted from formalin-fixed paraffin-embedded samples. On the other hand, even low-quality NGS data can return highly accurate allele information using the HLA-HD, which scans for variations through the entire sequence of the HLA genes.
We used 700 alleles in the 1000 Genomes Project to compare the accuracy of HLA-HD with that of four other methods. HLA-HD showed 100% accuracy for the high-coverage datasets corresponding to 100 alleles. The accuracy using low-coverage datasets was 91% (546 of 600 alleles) of which 39 alleles turned out to reflect erroneous allele calling by the conventional methods such as PCR-SBT and PCR-SSOP (Tables 1 and 2 ). For example, DRB1*14:54:01 was reported to be mistyped as DRB1*14:01:01 by the PCR-SSOP method (Fürst, Solgi, Schrezenmeier, & Mytilineos, 2010; Xiao et al., 2009 ). Nonetheless, 10 alleles were incorrectly called by HLA-HD and the other five alleles were inconclusive. Typing reliability needs to be carefully evaluated by a strict quality control using NGS data parameters such as Phred quality score, coverage, and sequencing depth especially when HLA-HD is used in clinical settings.
In this study, we determined the complete nucleotide sequence of HLA-Y*02:01 was probably inserted adjacent to the ancestral allele followed by the deletion of exon 3 in the course of evolution ( Fig. 2) (Sonoda, Li, & Tajima, 2011) , although its precise genomic location is yet to be determined. A simple analysis using spe- 
